ABSTRACT Myocardial structure of left ventricular segments with recurrent myocardial ischemia was evaluated by morphometry and compared with that of segments with normal blood supply in 15 patients with exercise-induced myocardial ischemia. Left 
vascularization, suggesting irreversible structural and functional alterations of the myocardium. The purpose of the present study was to evaluate myocardial structure of left ventricular segments with normal function at rest but with exercise-induced regional wall motion abnormalities, and to study the effect of coronary revascularization on regional left ventricular function in regions with preoperative recurrent myocardial ischemia.
Patients and methods
Patient characteristics are summarized in table 1 . Fifteen men were included in the present analysis. Patients were evaluated by right and left heart catheterization and biplane cineangiocardiography at rest and during supine bicycle exercise. Patients were carefully selected from a total of 71 patients who underwent preoperative exercise angiocardiography. Only patients who met the following criteria were included in the present study: (1) No history of previous myocardial infarction or subendocardial infarction with transient electrocardiographic (ECG) changes or enzyme release. Two patients had to be admitted to the hospital because of prolonged chest pain but they had no ECG changes or enzyme release. Fifteen patients with exercise-induced wall motion abnormalities were finally selected for the present analysis. All had was calculated. Interobserver variability was 1.3% (n = 22). Interstitial nonmuscular tissue was evaluated by the pointcounting system."4 A special ocular for light microscopy with a grid providing 100 intersection points was used to determine the interstitial nonmuscular tissue. The predominant component of the interstitial space is fibrous tissue and, therefore, the term "interstitial fibrosis" was also used to describe the interstitial nonmuscular tissue. Usually 1000 intersection points were counted with this grid and the average interstitial nonmuscular tissue + figure 5 ). During dynamic exercise heart rate and left ventricular enddiastolic pressure increased significantly preoperatively as well as postoperatively. The increase in enddiastolic pressure was, however, significantly less after surgery than before. Peak systolic pressure increased preoperatively only slightly during exercise, whereas this increase was significant after successful bypass grafting. Left ventricular ejection fraction fell preoperatively from 63% to 54% (p < .001) but increased postoperatively from 64% to 66% (NS; figure 5). All patients had normal ejection fractions preoperatively (>57%), whereas postoperatively one patient had a slightly reduced ejection fraction of 53% (figure 5). Left ventricular end-diastolic volume increased significantly during exercise before as well as after surgery. The mean workload and exercise duration were similar in the preoperative and postoperative studies.
CIRCULATION
Regional left ventricular function (table 4, figure 6 ). Regional left ventricular shortening was associated with a significant decrease in regional shortening of the middle and apical short axis in the RAO and of the apical short axis in the LAO projection during exercise, whereas the basal short axis in the RAO and the basal and middle short axis in the LAO projection exhibited normal shortening at rest and during exercise. After successful revascularization shortening remained normal at rest and during exercise in both the RAO and LAO projections. Regional axis shortening was significantly improved after surgery in the middle and apical short axis during supine bicycle exercise.
Regional shortening variables of the normokinetic and hypokinctic regions (figure 6) corresponding to the biopsy sites ( figure 5 . 
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Discussion
Coronary revascularization improves dramatically the symptomatic status of patients with coronary artery disease and restores normal systolic and diastolic function in many patients with angina pectoris.20 22 Persistent elevation of left ventricular end-diastolic pressure during exercise after surgery (table 3) is thought to be the result of a parallel increase in end-diastolic volume.20 This increase in end-diastolic pressure is less than that before surgery and is not associated with clear 974 FIGURE 7 . Transmural muscle fiber diameter (left) and transmural interstitial fibrosis (right) in patients with exercise-induced myocardial ischemia. Biopsy samples were obtained from a normokinetic (normo) and a hypokinetic (hypo) region of the left ventricle. Muscle fiber diameter is significantlv larger in the hvookinetic than in the normokinetic zone and interstitial fibrosis is significantly increased in the hypokinetic region compared with that in the normokinetic one. When the patient with an interstitial fibrosis of 49% in the hypokinetic region is excluded from the statistical analysis, the significance level is even higher than before (p < .01). The upper limit of normality for muscle fiber diameter is indicated by the dashed line, the normal range for interstitial fibrosis by the hatched area.
CIRCULATION
HESS et a!. amounts of fibrous tissue and severe hypertrophy of muscle fibers (figure 7) can be found in patients with coronary artery disease without previous myocardial infarction. These structural alterations can be as severe as those accompanying chronic pressure overload,24 but are typically localized in the subendocardium of the left ventricle. It was of great interest that interstitial fibrosis (normal . 10%) and muscle fiber diameter (normal <23 ,um) were also increased in the nonischemic regions, although both fibrosis and muscle fiber diameter were significantly larger in the transiently ischemic than in nonischemic segments ( figure 7) . In contrast to the situation in ischemic segments, structural alterations were similar in the subendocardium and subepicardium of the nonischemic segments ( figures 8 and 9 ). Apparently, myocardial structure is more uniformly altered in the normally contracting regions than in transiently ischemic segments. Nevertheless, the normally contracting segment in the patient with exercise-induced ischemia is far from normal, supporting the need for coronary revascularization not only to prevent the ischemic injury of the underperfused myocardium but also to reduce the ischemia-related stress overload of the normally functioning regions during exercise.
Response of the revascularized myocardium to exercise after successful bypass surgery. Structural alterations of transiently ischemic myocardium are probably not irreversible after complete coronary revascularization. Unloading of the transiently ischemic and nonischemic segments during exercise (see above) by restoration of normal coronary perfusion may lead to regression of muscle fiber hypertrophy with normalization of myocardial oxygen demands and diffusion distances for nutrients. Meester et al. 25 reported a reduction in left ventricular muscle mass after coronary bypass surgery, suggesting an unloading of the transiently ischemic myocardium after revascularization. In contrast to myocardial hypertrophy, interstitial fibrosis is probably irreversible after coronary bypass surgery, acting as an additional load on the muscle fibers by reducing the contractile material for a given wall segment. This factor probably explains the abnormal increase in left ventricular end-diastolic pressure and volume during postoperative exercise that is not seen in normal subjects.2" In our study, after revascularization regional shortening of the hypokinetic regions still decreased significantly during exercise, whereas a slight increase in regional shortening of the normokinetic regions prevented a fall in systolic ejection fraction (figure 6). Apparently, regional shortening in preoperatively ischemic segments cannot be kept normal during postoperative exercise, probably due to the structural alterations of the underlying myocardium. These regional wall motion abnormalities can, however, be detected only under exercise conditions. Thus, one has to bear in mind that even in the absence of preoperative myocardial infarction left ventricular regional function is no longer normal after successful coronary bypass surgeiy under exercise conditions. This might have at least some influence on the functional status of the patient with coronary artery disease over the long term after revascularization.
Structural consequences for the nonischemic myocardium during ischemia-induced regional dysfunction. As mentioned earlier, during exercise-induced ischemia the normally contracting myocardial segment shows profound structural alterations, with increased amounts of fibrous tissue and moderate-to-severe muscle fiber hypertrophy ( Limitations of the study. Special attention was paid in the present study to choosing the correct biopsy site during bypass surgery. The surgeon was asked to take the biopsy samples according to the individual biopsy protocol (figure 2).
The nonischemic region with normokinesis during exercise was carefully selected from the ventriculogram and the coronary angiogram to ensure normal coronary perfusion under exercise conditions, although 10 of the 15 patients included in the study had threevessel disease. There were no significant differences in myocardial structures of the nonischemic segments of patients with one-or two-vessel disease (n -5) compared with those segments of patients with three-vessel disease (n = 10).
Quantitative evaluation of endocardial and epicardial halves of transmural biopsy samples was performed when at least 100 individual muscle fibers and at least 1000 intersection points of a grid for quantitation of interstitial nonmuscular tissue could be determined. In four patients these requirements were not 976 CIRCULATION PATHOPHYSIOLOGY AND NATURAL HISTORY-CORONARY ARTERY DISEASE fulfilled and therefore only transmural data are reported for these four individuals.
Sampling variation in the determination of left ventricular muscle fiber diameter was found to be small in five hearts at autopsy with use of a Travenol biopsy needle for myocardial tissue samples. Multiple biopsy samples, which would have allowed study of sampling variations in patients with coronary artery disease, were not obtained for ethical reasons.
Postoperative recatheterization was carried out in eight of the 15 patients. The remaining seven patients either did not agree to undergo a second catheterization or had some minor postoperative problems such as pericardial effusion or sternal pain after thoracotomy.
